Key message Fine root ingrowth and mortality of European beech are related to evapotranspiration, cumulative forest floor precipitation, soil temperature and water content, which are affected by forest management and gap creation. Abstract The ingrowth and mortality of European beech (Fagus sylvatica L.) fine roots (diameters \2 mm) were studied in relation to environmental variables describing temperature and water availability at four sites, covering a range in environmental conditions likely to be encountered in Slovenian beech forests. Minirhizotron images were used to determine fine root dynamics in a stand and gap in each of the sites for 12 periods during the 2007-2009 growing seasons. The environmental variables included air and soil temperatures, precipitation, forest floor precipitation, evapotranspiration and soil water contents. For data analysis, the daily mean values for each period for all variables were used. Fine root ingrowth and mortality were higher in the managed stand and gap compared to the old-growth stand and gap, but only significantly correlated with each other in the case of the managed stand. Forest floor precipitation and soil temperature were significant in explaining fine root ingrowth, whereas maximal evapotranspiration, soil temperature and soil water content were more important for fine root mortality. However, the correlations were weak and inconsistent among the four sites. By including site as predictor as well as environmental variables, R 2 values of 0.49 and 0.55 for ingrowth and mortality, respectively, were achieved. Despite this, the relationships between the fine root dynamics and selected environmental factors appeared relatively weak and complex, especially for fine root ingrowth and might be partially related also to differences in successional stages of the forests under study.
Introduction
The response of trees, roots in particular, to climate change is one of the most important challenges facing forest ecologists. While many studies have shown the relationships between above-ground growth and climate, less is known about the growth and mortality of fine roots in relation to climate, soil temperature and soil moisture (Gill and Jackson 2000; Mccormack and Guo 2014) . Fine roots (roots \2 mm in diameter) and mycorrhiza represent a small part of total tree biomass, but their production accounts for up to 60 % of total stand biomass production in many forests (Brunner and Godbold 2007) . Fine roots are also the most dynamic and sensitive component within the overall root system (McCormack and Guo 2014) and research has found relationships between fine root dynamics, soil temperature and water availability (Joslin et al. 2000; Pregitzer et al. 2000; Tierney et al. 2003) . However, while studies carried out in controlled environments have often found clear relationships between fine root dynamics and environmental factors, it has proven much more difficult to elucidate such relationships for mature or young trees under field conditions where environmental variables interact in complex ways (Kaspar and Bland 1992) . Although Vogt et al. (1996) ; Finér et al. (2011a,b) were able to establish relationships between fine root production, turnover, biomass and climatic variables in forests at the global scale, detailed studies of fine root dynamics and environmental factors such as soil temperature and moisture within forest sites have produced conflicting results and/or weak relationships. This lack of strong relationships between fine root dynamics and environmental factors has usually been taken to indicate the dominance of endogenic factors, primarily inherent phenology, over environmental (exogenic) factors (Hendrick and Pregitzer 1997; Tierney et al. 2003) .
The European beech is a mesic long-lived species of great economic and ecological importance to forestry in Central Europe and is tolerant of a wide range of soils and soil moisture conditions (Knoke and Seifert 2008; Leuschner et al. 2006) . However, the growth and competitive ability of beech might be adversely affected by expected climate change, particularly drought (Bolte et al. 2007; Geßler et al. 2007; Meier and Leuschner 2008) . Drought stress is more likely to occur on shallow soils, such as in this study. Nevertheless, the results from empirical studies concerning the relationships between beech fine root dynamics and temperature and moisture conditions are contradictory or illusive. In a study, using data compiled from beech stands from across Europe, Finér et al. (2007) reported negative, but non-significant, correlations between fine root biomass and both mean annual temperature and mean annual precipitation. The results from studies in controlled environments or at the stand level have however been more definitive. Soil temperature was found to be an important environmental factor for fine root formation and growth in European beech seedlings (Š traus et al. 2014) . In a study carried out in beech forests in the Italian Southern Alps, the response of beech fine root mass and length showed significant interaction between soil moisture and soil temperature (Montagnoli et al. 2014) . In a study carried out in a beech stand in southern Germany (Mainiero and Kazda 2006) , fine root formation was only weakly affected by soil drying and remained directly correlated to soil temperature during a severe drought year, but it was concluded that beech fine root formation was still more strongly controlled by endogenous (genetic) factors than by exogenous (environmental) factors. In another study (Mainiero et al. 2010) , beech fine root growth and mortality were correlated with each other, and growth with soil temperature and mortality with both soil temperature and soil moisture, suggesting a strong exogenous influence on beech fine root dynamics.
In the present study, we investigated the relationships between the root dynamics of beech trees growing on shallow soils in Slovenia and a number of environmental factors describing or related to soil temperature and water availability. The study was carried out in a stand and a gap in each of an old-growth and a managed forest over a 2-year period, thereby covering a range in environmental conditions likely to be encountered in Slovenian beech forests. It was hypothesized that fine root ingrowth and mortality counts would be significantly related to soil temperature and water availability. It is hoped that the determination of such relationships will aid the development of forest growth models and increase the accuracy with which the impacts of global climate change on forest growth and carbon sequestration can be predicted Dufrene et al. 2005; Morales et al. 2005; Stojanovic et al. 2013) . We also investigated if the fine root ingrowth and mortality counts and relationships with the environmental factors differed among the four sites. This was done to indicate the effect of gap creation as a forest management practice on forest regeneration (Diaci et al. 2012; Grebenc et al. 2009; Ritter 2005; Vilhar et al. 2015) .
Materials and methods

Statement of human and animal rights
No human subjects or animals were involved in the study.
Study sites
This study was conducted in an old-growth forest, a nearby managed forest, and in one gap in each forest in southeastern Slovenia (45820 0 N, 14830 0 E, 860-890 m a.s.l.). Both forests are dominated by silver fir (Abies alba Mill.) and European beech (Fagus sylvatica L.) with a patchy understory of shrubs and herbs. Norway spruce (Picea abies (L.) Karst.), maple (Acer pseudoplatanus L.), elm (Ulmus glabra Huds.) and lime (Tillia cordata Mill.) make up less than 1 % of total stem volume. The bedrock consists of Cretaceous limestone and the soils are shallow, well-drained Eutric Cambisols and Rendzic Leptosols (Urbančič et al. 2005 ) of 10-to 40-cm depth with scattered patches of bare limestone rock. The climate of the region is montane with an annual precipitation of up to 1600 mm. Generally, the area is snow covered from late November until mid-April. The long-term (1961 The long-term ( -1990 Vilhar et al. (2010) .
Fine root ingrowth and mortality
Individual fine roots of beech were observed using minirhizotrons (MR). In October 2006, five transparent plastic tubes (49 mm inner diameter) were installed at 1 m intervals along an E-W transect in each of the stands and gap centres. The tubes were installed at an angle of 45°d own to bedrock, the depth of which varied from 0 to 64 cm (Kutnar and Urbančič 2006) .
Images of fine roots were taken at 14 mm intervals along opposite sides of each tube. Fine root ingrowth (RI) and mortality (RM) were determined for 12 observation periods from June 2007 to September 2009 (Supplementary material 2). Winter conditions prevented measurements from late November until mid-April and therefore the 12 observation periods were restricted to the snow-free season. The images were taken using a Bartz BTC-2 minirhizotron camera system (Bartz Technology Corporation, USA) and analysed using WinRHIZO Tron MF Ò software (v2003c; Regent Instruments Inc., Quebec, Canada). The location and number of all dead old roots and new fine roots growing within each frame were recorded. As no other tree species were present in the vicinity of MR tubes, the tree roots observed were only of beech trees. Roots of shrubs and herbs were easily differentiated from beech roots by morphological and architectural characteristics.
All fine roots were classified as live, dead or disappeared. A root was classified 'dead' when it had become very faint or discontinuous with indistinct edges and shrivelled to a fraction of its previous width. Roots that had disappeared between consecutive observation periods were classified into two groups: roots out of sight (it was not possible to assess what had happened to them and were censored in the subsequent analysis) and roots that had probably been eaten by herbivores. Roots that had been eaten were included into the dead class. The number of new ingrowing roots and dead roots for each of the two sides of the MR tubes was counted and the count divided by the number of days in the period to give the daily mean RI and RM count (No. day -1 ) for each observation period. As one of the tubes in the managed gap was damaged by animals, images from only four tubes were available for this site. Thus, the total number of RI and RM values was 456 each.
Environmental measurements
Air (2 m) and soil (5 cm depth) temperatures were recorded using automatic digital air temperature sensors (ibutton, Dallas semiconductor) installed at a maximum distance of 2 m from the middle of each MR transect. Temperatures were logged at 30 min intervals throughout the study period. For each site the mean, maximum and minimum daily air and soil temperatures for each MR observation period were calculated. Missing soil temperature data were given values calculated from measured air temperature using site specific regression functions (Vilhar et al. 2006) . Daily throughfall, actual evapotranspiration and soil water content were simulated for each study site and MR observation period using the BROOK90 water balance model (Federer 1995; Hammel and Kennel 2001) . The model calculates daily water fluxes (tree transpiration, evapotranspiration, interception, throughfall, soil evaporation, drainage) and soil water content at different depths. Tree transpiration and soil evaporation are calculated separately using the Shuttleworth-Wallace method (Shuttleworth and Wallace 1985) modified to separate daytime and nighttime evaporation (Federer 1995 Vilhar and Simončič (2012) . Measured precipitation and air temperature data for the period covered in this paper were then used to simulate daily throughfall, actual evapotranspiration and soil water content values for each of the study sites. These data were then used to calculate the cumulative amount of forest floor precipitation (PFF), the maximum daily actual evapotranspiration (ET max ) and the mean soil water content of the 0-20 cm soil layer (SWC 0-20 ) for each of the RI and RM observation periods and four sites.
Statistical analysis
Spearman rank correlations (r s ) were used to assess the relationships between the fine root variables (RI and RM) and various environmental factors. Of the variables that were highly intercorrelated, those considered the most ecologically meaningful were chosen for further analysis. The non-parametric Friedman test was used to test for differences in RI, RM and the selected environmental variables between the four study sites, matching the data by observation period. The Wilcoxon signed-rank test with a Holm's correction was used for post hoc multiple comparison tests between the study sites. To investigate the relationships between RI or RM and multiple environmental variables, a general linear model (GLM) was used in which the four sites were considered as qualitative predictor variables. For the GLM, the RM values were log transformed to improve normality and reduce heteroscedasticity. Selection of the environmental variables was achieved using the stepwise backwards selection method. GraphPad Prism version 6.04 for Windows (GraphPad Software 2014) and R statistics software (R Development Core Team 2013) were used to carry out the statistical analysis.
Results
Fine root dynamics
RI and RM were generally higher in the managed stand and gap compared to the old-growth stand and gap (Table 2 ). Statistical testing revealed that RI in the old-growth gap was significantly (p \ 0.05) lower than in the managed stand and gap and that RM in both the old-growth stand and gap was significantly lower from that in the managed stand and gap. RI and RM were only significantly correlated with each other in the case of the managed stand (r s = 0.691, p = 0.015), although the correlation between RI and RM was nearly significant in the case of the oldgrowth gap site, but negatively (r s = -0.385, p = 0.053).
Environmental variables
Using measured climatic data and BROOK90 simulated data, 19 environmental variables describing or related to soil temperature and water availability were derived for each site and observation period (Supplementary material 5a). The Spearman correlation analysis revealed significant and positive correlations between air and soil temperatures for each of the four sites (p \ 0.05) (Supplementary material 5b). However, while the amount of precipitation reaching the forest floor was significantly and negatively correlated with mean and maximum air temperature at all four sites, the amount of precipitation reaching the forest floor was not correlated to minimum air temperature or to soil temperature at 5 cm depth. The amount of precipitation reaching the forest floor was not correlated to mean daily actual evapotranspiration, but was strongly correlated with the maximum daily actual evapotranspiration at all four sites. The mean soil water content during each observation period was strongly and negatively correlated with the maximum daily actual evapotranspiration and positively to the amount of precipitation reaching the forest floor at all four sites. The relative soil water deficits showed the opposite signed correlations with the other environmental variables compared to those with soil water contents.
On the basis of the correlation analysis and consideration of the ecological relevance of the factors, the following environmental variables were selected for further analysis: the amount of precipitation reaching the forest floor (PFF), maximum daily evapotranspiration (ET max ), mean daily soil temperature at 5 cm depth (ST 5 ) and the daily mean soil water content of the 0-20 cm layer (SWC 0-20 ) ( Table 2 ). As expected, the gaps had significantly greater PFF than the stands. Both stands also had significantly higher ET max values compared to the gaps. SWC 0-20 significantly differed among the four sites, but was higher in the gaps compared to the stands. However, ST 5 values were about 2°C higher in the managed than in the old-growth sites and the differences were statistically significant.
Root dynamics and environmental variables
Scatter plots of RI and RM plotted against the four selected environmental variables are shown in Fig. 1 . The Spearman correlation analysis showed that RI was significantly and negatively correlated to PFF and SWC 0-20 at all four sites and positively correlated to ET max and ST 5 (Supplementary material 5b). The general linear model (GLM) using only ST 5 and SWC 0-20 as predictors resulted in a model that was significant (p = 0.022), but with a low R 2 value (0.16). However, the GLM which included site as a predictor variable showed that RI was also correlated to PFF and to ST 5 (Table 3 ; Supplementary material 6). There was a negative correlation between RI and PFF, which was statistically significant only in the case of the old-growth stand (p = 0.037), and a positive correlation between RI and ST 5 which was statistically significant only in the managed gap (p = 0.005). The inclusion of site as a predictor variable along with PFF and ST 5 into the GLM explained 49 % of the variation in RI and there was a good agreement between observed and modelled RI values (Fig. 2a) .
The Spearman correlation analysis showed that RM was negatively correlated with SWC 0-20 and ST 5 and positively with ET max (Supplementary material 5b) . The GLM showed that RM was significantly related to ET max , SWC 0-20 and ST 5 , explaining 55 % of the variation in RM (Table 3 ). In contrast to the GLM model for RI, the model for RM indicated a consistent response to each of the four selected environmental factors at all four sites (Table 3 ; Supplementary material 6). The regression intercepts decreased in the order: managed gap, managed stand, oldgrowth stand and old-growth gap. The plot of observed RM against modelled values showed good agreement (Fig. 2b) .
Discussion
We considered that the four sites (a forest stand and a gap in each of an old-growth forest and a managed forest) and the length of the study period (3 years) in our study would cover the range in environmental conditions typical for beech trees growing on shallow soils in Slovenia and thereby enable us to explore the relationships between fine root dynamics and temperature and water availability factors. Accordingly, we did find a range in air and soil temperatures, water supply to the soil and soil water contents, and in the ingrowth (RI) and mortality (RM) of beech tree fine roots. We also found that beech fine root ingrowth and mortality, when calculated across all four sites, were significantly correlated to soil temperature and to soil water contents and deficits. However, the direction and significance of the simple correlations differed among the four sites when calculated separately. But by including site as a predictor variable, we were able to produce general linear models (GLM) for fine root ingrowth and mortality having R 2 values of 49 and 55 %, respectively. The differences in forest floor precipitation, evapotranspiration and soil water content we observed between the stands and gaps could logically be explained by the greater interception, transpiration and soil water extraction by the roots of the canopy trees in the stands compared to the gaps Vilhar and Simončič 2012) . The higher soil temperatures in the gaps than in the stands can be attributed to the reduced shading of the soil, and the greater air temperatures in the managed forest compared to the oldgrowth forest can be explained by the differences in radiation and microclimate related to the differences in stem volume, basal area and ground vegetation cover, and possibly also clay content of the soil, all of which were lower in the managed stand (Vilhar et al. 2006 (Vilhar et al. , 2015 .
RI showed greater variation than RM, but both RI and RM were greater in the managed stand than in the oldgrowth stand, indicating that management has an important effect on the rooting dynamics of beech. RI and RM were positively and significantly correlated to variables describing temperature, including soil temperature, and negatively to variables describing soil water contents (including positive correlations to relative soil water deficits). Correlations to water supply (precipitation, the amount of rainfall reaching the forest floor) and to evapotranspiration, however, were not significant. It is generally considered that, as long as other environmental factors (soil moisture and soil fertility) are not limiting, tree root growth increases with temperature (Pregitzer et al. 2000) . However, this increase in root growth with temperature is likely to occur only up to optimal temperature and then decrease even when other environmental factors are not limiting. In a study carried out in the Southern Alps (near our study), this optimal soil temperature for beech would appear to be around 14°C (Montagnoli et al. 2014) . With the exception of the old-growth gap, maximum soil temperatures did exceed 14°C on some days in some of our 12 observations periods and therefore may have reduced the strength of the simple correlation between RI and soil temperature. However, the strength of the correlation of RI and RM with soil temperature in our study may have also been weakened by limiting soil water contents as soil water contents and relative soil water deficits were, respectively, negatively (although non-significantly) and positively (significantly) correlated to soil temperatures. Thus, the highest soil temperatures tended to occur when the soil water contents were the lowest and the deficits of plant available water were the highest.
It is generally considered that trees increase fine root production when subject to decreases in precipitation or soil water availability and increasing drought, resulting in increased root:shoot ratios, fine root biomass and net production (Joslin et al. 2000) . This would explain the negative correlation with soil water content and positive correlation with soil water deficits we observed for RI. However, the empirical evidence of such an increase in root production related to decreases in precipitation and soil water availability (increases in soil water deficits) is conflicting (Joslin et al. 2000; Hertel et al. 2013 and references therein) . As soil water contents and deficits were correlated to soil temperature, the increase in RI with decreasing soil water contents and increasing deficits may therefore be an artefact due to this covariance, and the RI response of beech is mostly determined by soil temperature. This would support the conclusion by Mainiero and Kazda (2006) that increasing soil temperatures overrules the effect of soil drying and that fine root formation in PFF amount of precipitation to forest floor during the MR observation period, ST 5 mean daily soil temperature at 5-cm depth during the MR observation period, ET max maximum daily actual evapotranspiration during the MR observation period, SWC 0-20 mean daily soil water content of 0-20 cm layer Trees (2016) 30:375-384 381 beech is controlled by the seasonal development of soil temperature. Fine root mortality also generally appears to increase with soil temperature, although how and understanding the interactions with soil moisture and soil fertility are still to be clarified (Pregitzer et al. 2000; McCormack and Guo 2014) . Root mortality and longevity responses to soil water availability and drought are variable, with both increases and decreases being reported (Joslin et al. 2000; Leuschner et al. 2004 ). However, the response of fine roots to drought may depend more on the duration of drought rather than simply on low soil water contents (Leuschner et al. 2004) . Nevertheless, the lifespan of fine roots, as with soil temperature, might be expected to depend on the soil water contents, with longevity initially increasing with increasing water contents before reaching an optimum and then declining with the development of anoxic conditions (McCormack and Guo 2014) . The increase in RM with decreasing soil water contents (increasing soil water deficits) we observed would thus indicate that the relationship with soil water contents and deficits is an artefact and more to do with the increase in soil temperature, as discussed above for RI. A weak response of beech fine root mortality to drought was shown in the study carried out by Mainiero and Kazda (2006) during a year of extreme drought. They found beech fine root mortality was not correlated to either soil temperature or soil moisture.
As previously mentioned, the correlations between RI and RM and the environmental variables differed among the four sites. The positive effect of soil temperature on RI and RM was largely driven by the relationship from the managed gap; the correlations for the other sites were either weak or negative. That the relationships between fine root dynamics and the environmental factors differed among the four sites was clearly shown by the GLM analysis in which site was included as a predictor variable. It was only in the GLM analysis with site as a predictor variable that water supply (rainfall and the amount of water reaching the forest floor, PFF) and evapotranspiration (ET max ) became important.
Studies done in coniferous and mixed coniferous broadleaved forests have shown that fine root biomass, production and turnover vary with tree and stand age, stand development and ecosystem successional stage (Børja et al. 2008; Campbell et al. 1998; Finér et al. 1997; Makkonen and Helmisaari 2001; Sun et al. 2015; Vogt et al. 1987; Yuan and Chen 2012) . In contrast, Finér et al. (2011a, b) in a meta analysis showed that age-related parameters explain very little of the variation in tree fine root dynamics. The age of the trees in both the old-growth and managed forests in our study varied considerably. While the age of the trees are not known, there is certainly more very old trees in the old-growth stand than in the managed stand, but even there the trees are of varying age due to the traditional groupshelterwood forest management that has been carried out. Nevertheless, the old-growth forest has a more complex structure than the managed forest, being a mosaic of decline and juvenile development phases (Bončina and Diaci 1998 ) with a high amount of coarse woody debris at various stages of decay (Kraigher et al. 2002) . The resulting mixture in the growth status of the trees and associated micro-climates and environments might, at least partially, account for the difference we observed in beech fine root dynamics among the old-growth and managed sites. Furthermore, the interaction between exogenous (environmental) and endogenous factors may vary between sites (Tierney et al. 2003) . Thus, the same environmental factor can affect the growth and mortality of fine roots differently In conclusion, our study showed that the ingrowth and mortality of beech fine root dynamics in Slovenia forests are affected by environmental conditions, especially soil temperature. The effect of soil water content and soil water deficits on beech fine root dynamics appeared to be an artefact and rather due to covariance with soil temperature. Nevertheless, the relationships with environmental variables were rather weak and differed between sites. Whilst differences in the environmental variables were mainly related to differences between the stands and gaps, the differences in RI and RM were more related to the type of forest, i.e. old-growth versus managed. The response of beech tree fine roots to environmental factors is clearly complex and prediction remains elusive.
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